Research in context*Evidence before this study*A variety of oncolytic viruses engineered against cancer are currently in clinical trials, but heterogeneous responses in patients are observed. Currently, oncolytic virotherapies are preclinically tested *in vitro* in cancer cell lines and *in vivo* in mouse xenografts.*Added value of this study*We now show that patient-derived organoids (PDOs) could serve as a meaningful platform for preclinical studies of virotherapy and help tailor engineered viruses for future development. Our data suggest that virotherapy testing in PDOs could be a useful tool to inform about treatment selection for patients with pancreatic cancer in the future. OA activity was validated in pancreatic cancer organoids, highlighting patient-specific adenoviral sensitivity. The inter-patient variability in PDO responses was predictive of the antitumour efficacy in xenografts. Moreover, we observed similar viral preference in both primary tumours and metastasis in nude mice, mirroring results with patient PDOs. Finally, screening PDOs for response to both OAs and chemotherapy revealed enhanced sensitivity in combination treatments.*Implications of all the available evidence*We propose that PDOs can be used as a suitable platform to identify personalized viral therapies, alone or in combination with other therapies; this has the potential to greatly improve clinical benefits for patients with pancreatic cancer.Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

Pancreatic ductal adenocarcinoma (PDAC) is a neoplastic malignancy with a very dismal prognosis, caused in part by a lack of specific symptoms and typically late diagnoses. However, the intrinsic biology of PDACs also gives it a remarkable resistance to most conventional treatments. This results in a 5-year overall survival rate of less than 7%, with almost all survivors being the patients who had undergone surgical resection \[[@bib0001],[@bib0002]\].

Model systems based on traditional cell lines, xenograft models, or genetically engineered mouse models (GEMM) have substantially contributed to improving our current knowledge of PDAC [@bib0003]. Recently, patient-derived organoids (PDOs) from normal and neoplastic tissues have been proposed as a valuable model to study PDAC carcinogenesis. PDAC organoids from resected tumours recapitulate histo-architecture and phenotype heterogeneity while retaining molecular features of primary malignancies. Importantly, the relatively short time required to establish organoid cultures from surgical specimens minimizes potential culture-induced genetic drift [@bib0004], [@bib0005], [@bib0006].

One emerging strategy for treating PDAC is using oncolytic virotherapies \[[@bib0007],[@bib0008]\]. Several viral derivatives are currently being tested in clinical trials, either as a single agent or (in most cases) in combination with standard treatments or novel compounds [@bib0009]. To date, clinical studies on oncolytic virotherapy have shown highly variable response rates, which might however be due to the heterogeneous nature of PDAC tumours. Such variability highlights the need of building robust systems that can help to find the best treatment options based either on a viral or a pharmacoviral approach for each specific patient. In this light, PDAC organoids are now being researched as a valuable tool for drug screening and for predicting clinical responses to treatments \[[@bib0005],[@bib0010],[@bib0011]\].

In the current work, we explored the feasibility of using PDAC organoid models as a platform to screen for selectivity and potency of OA anticancer therapies as a single agent or in combination with standard chemotherapeutics.

2. Materials and methods {#sec0002}
========================

2.1. Human specimens {#sec0003}
--------------------

Samples from PDAC and adjacent normal pancreatic parenchyma were obtained after surgery at Hospital Clinic, Barcelona, or at the University Medical Centre Utrecht Hospital. Experiments with human samples were approved by all necessary ethical committees. Written informed consent was obtained from all patients prior to acquisition of samples in accordance with the Declaration of Helsinki. Samples were confirmed to be tumour or normal based on pathologist assessment.

2.2. Organoid generation and maintenance {#sec0004}
----------------------------------------

Tissues were processed following established protocols \[[@bib0005],[@bib0012]\]. Briefly, fresh tissues were minced in small fragments and digested with collagenase and dispase II at 0.125 mg/ml in wash medium (DMEM 1% FBS, 1% penicillin/streptomycin) with gentle shaking at 37 °C. When ducts became visible, digestion was stopped by adding cold wash medium and centrifuged 300 g for 5 min. The cell pellet was plated in matrigel and grown in complete medium (advanced DMEM/F12 supplemented with: 1% penicillin/streptomycin, 1% glutaMAX, 1% HEPES 10 mM, N-acetylcysteine (10 mM), nicotinamide (1.25 mM), B27 (final concentration 1 ×), FGF-10 (100 ng/ml), gastrin I (100 nM), hEGF (50 ng/ml), A83-01 (500 nM), primocin (50 µg/ml), mNoggin conditioned medium (10% final volume), R-spondin1 conditioned medium (10% final volume), and Wnt3a-conditioned medium (50% final volume)). The remaining undigested tissue was treated for 10 min at 37 °C with the dissociating agent TrypLE Select (Gibco) and further processed as described above. After organoid generation, growth medium was changed every 4 days, and organoids were split by mechanical disaggregation when the appropriate confluence was reached. Organoids from orthotopic tumour xenografts and metastases in Foxn1^nu/nu^ mice (ENVIGO, RRID: MGI:[2174843](mgi:2174843){#interref0001}) were generated with the same protocol.

2.3. Adenoviruses {#sec0005}
-----------------

Adenoviruses used in the study and previously described were: AdGFPLuc, a replication--defective adenovirus that expresses the green fluorescent protein (GFP) and the luciferase (*luc*) genes under the control of the cytomegalovirus promoter (CMV) [@bib0013]. The replication-competent adenoviruses: AdNuPARE1A, ICOVIR15, ICOVIR15-miR99b, ICOVIR15-miR485, and Adwt-E [@bib0014], [@bib0015], [@bib0016]. AdNuPARE1A incorporates an uPAR minimal promoter and 3 × SPS sequences recognizing the binding domain of the CSL transcription factor characteristic of Notch-responsive genes regulating E1A transcription [@bib0015]. ICOVIR15 presents a 24-bp deletion in the E1A region and incorporates E2F-responsive elements to redirect E1A transcription toward deregulation of the Rb/p16 pathway. The fibre protein contains an RGD motif inserted in the HI-loop region [@bib0014]. ICOVIR15-miR99b and ICOVIR15-miR485 contain the miR-99b or miR-485 genomic sequences, respectively, under the CMV promoter next to the R-ITR in the ICOVIR15 backbone [@bib0016]. Adwt-E additionally expresses enhanced-GFP (E) [@bib0016].

AdNuPARE1A-E and ICOVIR15-E were generated in the current study. The E gene was introduced downstream of the adenoviral fibre at the adenoviral genomes (pAdNuPARE1A or pICOVIR15), and viruses were produced as previously reported [@bib0016].

2.4. *KRAS* mutation analysis {#sec0006}
-----------------------------

Genomic DNA was extracted from PDAC organoids using the Blood DNA Isolation Mini Kit (Norgen Biotek) following manufacturer\'s protocol. The mutational status of *KRAS* was analysed by PCR amplification of exon 2 with the indicated primers (Table S1). PCR products were Sanger sequenced by GeneWiz® (RRID:SCR_003177) and mutations were analysed using Unipro UGENE software (RRID:SCR_005579), the NBLAST platform (RRID:SCR_015884) and Benchling (RRID:SCR_013955). Allele frequencies were calculated using the Mutation Quantifier Tool of Mutation Surveyor Software v5.1.2 (Softgenetics®, RRID:SCR_001247).

2.5. Histological analysis of tumour tissues and organoids {#sec0007}
----------------------------------------------------------

Tumour tissues were fixed overnight in 4% paraformaldehyde (PFA), embedded in paraffin, and sectioned at 5 µm for haematoxylin and eosin (H&E) staining and for immunohistochemistry (IHC).

Organoids were harvested for inclusion following the protocol in Broutier et al., 2016 [@bib0012]. Briefly, wells were washed with 1 ml of PBS, Matrigel drops were collected in 15 mL centrifuge tubes containing 10 ml of cold PBS on ice, and organoids were settled by gravity and washed. Subsequently, 4% PFA (4 ml) was added to the organoids and incubated for 30 min. Fixative was removed, samples were washed with PBS for 10 min 3 ×, and organoids were resuspended in 2% agar for paraffin embedding and sectioned at 5 µm.

For haematoxylin and eosin (H&E), tissue or organoid sections were deparaffinized, hydrated, and stained following standard protocols at Biobank of Hospital Clínic (RRID:SCR_004530). For immunohistochemistry (IHC), hydrated samples were incubated in sodium citrate buffer (pH 6.0, 10 mM) at 95° for 5 min under pressure. Sections were blocked with PBS-Triton 0.3% + 10% FBS + 1% BSA for 90 min, washed 3 × with PBS, and incubated overnight with primary antibodies against cytokeratin 19 (Anti-CK19, Abcam 52,625, RRID:AB_2,281,020, diluted 1:500 in PBS 0.1% BSA) or E1A (Santa Cruz Biotechnology sc-25 RRID:AB_626,645, diluted 1:200 in PBS 0.1% BSA). Endogenous peroxidases were blocked with Dual Endogenous Enzyme Block (Dako) for 10 min. Reactions were developed with Dako EnVision + Dual Link System-HRP (DAB+) (Dako). Sections were counterstained with Harris haematoxylin (Panreac), and samples visualized using a NIKON e600 inverted microscope.

2.6. mRNA quantification {#sec0008}
------------------------

Total RNA was extracted from patient tissues and organoids using miRNeasy Mini Kit (Qiagen). Samples were treated with TURBO-DNA *free* Kit (Invitrogen) and quantified with a Nanodrop 1000 spectrophotometer (RRID:SCR_018035). RNA (500 ng) was retrotranscribed to cDNA using PrimeScript™ RT Reagent Kit (Takara). Quantitative PCR (qPCR) was performed using specific primers (Table S1) and lightCycler® 480 SYBR Green I Master (Roche) in a Via ViiA 7 Real-Time PCR System (Applied Biosystem). Relative gene expression levels were quantified using the delta CT method, normalized to the *HPRT* gene and represented as 2^ΔCt^.

2.7. EGFP detection {#sec0009}
-------------------

IDIT4 organoids were infected with AdGFPLuc or Adwt-E at 50,000 pfu/well. IDIT1 and IDIS0 organoids were infected with 5000 pfu/well of Adwt-E, AdNuPARmE1A-E, or ICOVIR15-E. EGFP fluorescence was visualized in the Olympus IX51 microscope (at a wavelength of 480 nm). EGFP signals of individual organoids at each timepoint were quantified using the ImageJ software (RRID:SCR_003070) and expressed as mean% of stained area ± SEM.

2.8. Viral yield {#sec0010}
----------------

IDIT4 organoids were infected with AdGFPLuc or Adwt-E at 50,000 pfu/well for 5 days. Infected cells were collected and centrifuged, and the cell pellet was resuspended in DMEM/F12 medium. Cells underwent three freeze / thaw cycles. Lysates were centrifuged at 600 g for 5 min, and medium containing viral particles was harvested (passage 1, P1). Fifteen  µL of this medium were used to infect IDIT4 organoids for 5 days (passage 2, P2). This procedure was repeated to generate passage 3 (P3). Adenoviral genomes were extracted from media using Blood DNA Isolation Mini Kit (Norgen Biotek), following the manufacturer\'s protocol, and quantified by qPCR using primer sets for hexon (Table S1). The number of viral genomes in the different samples was determined by the interpolation of the crossing--threshold with a standard curve of a known concentration.

2.9. Viral entry {#sec0011}
----------------

IDIT1, IDIT5, and IDIT6 organoids were enzymatically disaggregated by incubating with TrypLE™ Select (Gibco) at 37 °C for 10 min. Organoids were counted, and 50,000 cells were collected by centrifugation. Pelleted organoids were resuspended in 20 μl of F12 medium and incubated either with AdNuPARmE1A or ICOVIR15 at a dose of 5 pfu/cell for 30 min at 37 °C. Following incubation, organoids were washed twice with PBS followed by centrifugation. Organoid pellets were then resuspended in 200 μl of PBS, and DNA was extracted using the Blood DNA Isolation Mini Kit (Norgen Biotek) following the manufacturer\'s protocol. The amount of adenoviral and cellular genomes was quantified by qPCR using primer sets for hexon and albumin genes, respectively (Table S1). The number of viral genomes per cell in the different samples was determined by the interpolation of the crossing--threshold with a standard curve of known concentrations.

2.10. Cytotoxicity assays {#sec0012}
-------------------------

After organoid dissociation, 5000 cells/well were incubated in triplicate with the different viruses at the indicated doses for 30 min at 37 °C. Tubes were transferred to ice, and the medium containing infected organoids (20% of final volume) was supplemented with Matrigel (80% of final volume), mixed, and seeded in 10 μl drops in triplicate in 96 multi-well plates. Once the Matrigel solidified, fresh growth medium was added, and cultures were incubated for 5 days at 37 °C. For the combined treatments, drugs were added to the medium at the following concentration: nab-paclitaxel (nP, Abraxane) (100 nM), and gemcitabine (2.5 ng/ml) alone or with the adenovirus AdNuPARmE1A (at 5000 pfu/well).

Cell viability was measured at 5 days after treatment, with an adapted colorimetric MTT assay (Affymetrix, USB® Products) as described in [@bib0017]. Briefly, MTT solution at 0.75 mg/ml was added for 1 h at 37 °C and replaced with 40 µl of 2% SDS for 2 h to solubilize Matrigel. Finally, DMSO was added to dissolve crystal precipitates. Absorbance was measured at 550 nm in a spectrophotometer (Synergy HT -- Biotek). Results are expressed as a percentage of viability relative to non-infected control cells (100%).

Cytotoxicity was also measured by a clonogenic assay. Five days after treatment, organoids were harvested, mechanically disaggregated, and split in a new 96 multi-well plate at a 1:2 dilution. The following day, viable organoids showing a round shape, a visible epithelial layer, and a diameter ≥ 20 μm were counted under a microscope (Olympus IX51). Results are represented as the number of viable organoids/well, with non-infected organoids (MOCK) as internal control.

2.11. *In vivo* antitumoural activity {#sec0013}
-------------------------------------

Animal procedures met the guidelines of European Community Directive 86/609/EEC, were approved by the Local Ethical Committee, and were performed by trained, certified personnel. Subcutaneous tumours were generated by injecting a suspension of IDIT1 organoids (500,000 cells/tumour) with Matrigel (Bioscience) at a 1:1 ratio, in each flank of Foxn1^nu/nu^ mice (RRID: MGI:[3,848,172](mgi:3,848,172){#interref0002}; ENVIGO). Tumours were monitored twice a week, and volumes were calculated using the formula *V* = *D* × d^2^ × π ÷ 6. When the tumour mean size reached 100 mm^3^, mice were randomly allocated to treatment groups and intravenously injected with a single dose of saline or 5 × 10^10^ vp/animal (using AdNuPARmE1A or ICOVIR15).

2.12. *In vivo* metastatic model {#sec0014}
--------------------------------

Organoids (500,000 cells/animal) were resuspended in PBS and Matrigel (ratio 1:1, for each tumour). The orthotopic engraftment was performed as previously described \[[@bib0018],[@bib0019]\]. Briefly, 100 µl of the cell suspension was injected to the tail region of the pancreas with a 29 G syringe. Animals were monitored once a week by tumour palpation, and mice were euthanized 2--3 months after implantation. Primary tumours and metastases were then collected and processed for organoid generation and/or histological analysis.

2.13. Organoid karyotyping {#sec0015}
--------------------------

Confluent organoids were treated with 0.1 µg/ml colcemid (Gibco KaryoMAX Colcemid Solution) for 24 h. Organoids were then dissociated to single cells by incubation with TrypLE Select (Gibco) at 37 °C for 10 min. Cells were washed with PBS, incubated with prewarmed KCl (0.0075 M) (hypotonic solution) for 40 min, and fixed with methanol:glacial acetic acid (3:1). Samples were dropped onto microscope slides, mounted with ProlongTM Gold Antifade Reagent with DAPI (Invitrogen), and visualized under a Nikon Eclipse 50i fluorescence microscope. Metaphases were captured and counted using the Isis software. A minimum of 15 metaphases per sample were counted.

2.14. Statistical analysis {#sec0016}
--------------------------

Experimental data are presented as mean ± SEM of at least three independent experiments. Statistical analyses were performed using GraphPad Prism software v5.0a (RRID:SCR_002798). Statistical differences were evaluated using a two-tailed non-parametric Mann--Whitney test, or a Student\'s T-test, and *p* \< 0.05 was taken as the level of significance.

Differences in the *in vivo* tumour growth were analysed using the R v.2.14.1 software (RRID:SCR_001905) and by applying a linear mixed-effect model using the lme4 package (RRID:SCR_015654). Statistical differences were evaluated using a multiple comparison using Tukey contrast; *p* \< 0.05 was taken as level of significance.

3. Results {#sec0017}
==========

3.1. Adenoviruses infect and replicate in PDOs {#sec0018}
----------------------------------------------

PDOs were established from normal or tumour tissue collected at the time of surgical resection according to published protocols [@bib0005]. Histological evaluation of tumour organoids revealed phenotypic characteristics of patient specimens. H&E staining of whole-mount organoids showed morphologic similarities to primary tumours, such as dysplastic cell organization and nuclear irregularities ([Fig. 1](#fig0001){ref-type="fig"}a and b). CK19 immunohistochemical staining showed strong immunoreactivity in the cytoplasm and cell membrane of ductal cells in both primary tumours and established organoids ([Fig. 1](#fig0001){ref-type="fig"}a and b). Confirmation of the ductal origin of organoids was evidenced by an enriched expression of the ductal markers *KRT19* and *SOX9* ([Fig. 1](#fig0001){ref-type="fig"}c).Fig. 1Human PDAC-derived organoids maintain characteristics of their tumour-of-origin and are enriched in ductal markers. (a) Representative histological sections of human pancreatic tumours. Left, H&E staining; right, CK19 IHC staining (scale bar 50 µm). (b) PDAC-derived organoids from matching tumours. Left, brightfield images (scale bar 50 µm); centre, H&E staining; right, CK19 IHC staining (scale bar 50 µm). (c) qRT-PCR analysis of ductal lineage markers (*KRT19* and *SOX9*) from PDAC organoids (*n* = 7), normal pancreas organoids (*n* = 4), tumour tissue-of-origin (*n* = 4), and adjacent normal pancreas (*n* = 6). Data are represented as mean ± SEM; \**p* \< 0.5, \*\**p* \< 0.01, \*\*\**p* \< 0.05, non-parametric Mann--Whitney *U* test.Fig 1

The tumourigenic origin of the established organoids was further confirmed through the identification of oncogenic mutations in the *KRAS* codon 12 in 7 out of 7 tumour organoids, in line with reported mutation frequencies at this hotspot ([Table 1](#tbl0001){ref-type="table"}). One of the seven organoids (IDIT3) was homozygous for the mutant allele. No mutations were detected in the *KRAS* gene of normal organoids (Fig. S1).Table 1*KRAS* allele frequency for the organoids used in the study. The allele frequency was estimated with the "Mutation Quantifier Tool" of Mutation Surveyor Software v5.1.2 (Softgenetics®).Table 1Organoid ID*KRAS* statusMutationAA changeWT allele ratioMut allele ratioIDIT1Mut12:25398285(-): G/CG12R43.3%56.7%IDIT2Mut12:25398285(-): G/AG12R58.4%41.6%IDIT3Mut12:25398284(-): G/TG12V0%100%IDIT4Mut12:25398284(-): G/AG12D44.6%55.4%IDIT5Mut12:25398284(-): G/AG12D53%47%IDIT6Mut12:25398284(-): G/AG12D44.4%56.6%IDIT7Mut12:25398284(-): G/TG12V52.7/%47.3%

To investigate whether adenoviruses could infect and replicate in PDOs, tumour organoids were exposed to 5  ×  10^5^ pfu/well of the reporter adenovirus (AdGFPLuc) or the replication-competent adenovirus engineered with EGFP (Adwt-E) ([Fig. 2](#fig0002){ref-type="fig"}a). Outer layers of organoid cultures showed susceptibility to adenoviral infection, as shown by GFP expression, in line with previous evidence [@bib0020] ([Figs. 2](#fig0002){ref-type="fig"}b and c). Notably, whereas GFP signal was stable at all time-points analysed after AdGFPLuc infection, the fluorescence signal observed after Adwt-E infection significantly increased over time. GFP expression observed in the inner layers of organoids infected with Adwt-E suggested replication and virus spreading in PDOs ([Fig. 2](#fig0002){ref-type="fig"}b). Evidence of viral replication was further demonstrated by incubating naïve organoids with cell extracts from Adwt-E or AdGFPLuc-infected organoids for consecutive passages. GFP expression in P2 and P3 passages was only observed in cultures that had been treated with the replication-competent virus ([Fig. 2](#fig0002){ref-type="fig"}c). Additional confirmation came from quantification of the viral yield in each of the three passages. Viral genomes ranging between 5 × 10^5^--1 × 10^6^ were detected in Adwt-E organoids, whereas only 1 × 10^4^ viral genomes were measured in the first passage of AdGFPLuc infected cultures, coinciding with the input dose ([Fig. 2](#fig0002){ref-type="fig"}d). Positive E1A immunostaining confirmed viral replication of Adwt-E, showing virus spreading within organoids, while no staining was detected in the AdGFPLuc-infected PDOs ([Fig. 2](#fig0002){ref-type="fig"}e).Fig. 2Adenoviruses efficiently replicate in PDAC organoids. (a) Schematic representation of adenoviruses used in the experiment: the reporter non-replicative adenovirus AdGFPLuc and the replicative-competent Adwt-E, both expressing GFP. (b) Time-course GFP expression in tumour organoids infected with 5 × 10^5^ pfu/well of AdGFPLuc or Adwt-E. Left panel shows representative images of IDIT4 organoids at the indicated time-points after infection (scale bar 100 μm). Right panel represents GFP quantification. Values are expressed as percentage of fluorescent area at each time point, normalized by total area of single organoids. Data are represented as mean ± SEM, (*n* \> 3); \*\**p* \< 0.01, \*\*\**p* \< 0.05 Non-parametric Mann-Whitney U Test. (c) Adenoviral propagation through passages. Organoids were infected with 5 × 10^5^ pfu/well of AdGFPLuc or Adwt-E and 5 days later (P1) were harvested, followed by three cycles of freeze and thaw. Supernatants were used to infect fresh organoids and 5 days later (P2) the same procedure was repeated to generate P3. GFP expression was visualized at P1, P2 and P3 in organoids infected with Adwt-E, but only at P1 in AdGFPLuc infected organoids. Left panel shows representative images of organoids at P1, P2, P3 (scale bar 100 μm). Right panel represents GFP quantification at each passage. Values are expressed as percentage of fluorescent area for each time point, normalized by total area of single organoids. Data are represented as mean ± SEM, *n* \> 3; \* *p* \< 0.05, \*\* *p* \< 0.01, Non-parametric Mann-Whitney U Test. (d) Quantification of viral genomes content in P1, P2 and P3 organoid passages infected with AdGFPLuc or Adwt-E (*n* = 3). e. Histological sections of IDIT4 organoids infected with AdGFPLuc or Adwt-E. H&E (left panel), E1A immunostaining (right panel), scale bar 50 μm.Fig 2

3.2. Oncoselective adenoviruses display viral attenuation in organoids from healthy pancreas {#sec0019}
--------------------------------------------------------------------------------------------

Next, we investigated the potential of using PDOs for testing oncolytic adenovirus selectivity. To this end, normal and tumour organoids from PDAC patients were infected with the oncolytic adenoviruses AdNuPARmE1A-E or ICOVIR15-E and the control, non-selective virus, Adwt-E ([Fig. 3](#fig0003){ref-type="fig"}a). GFP expression was monitored at 24 h, 48 h, and 72 h after infection in individual organoids. GFP expression in PDOs from PDAC tumours similarly increased with time, independently of the virus used, according to viral replication and spread within the organoid ([Fig. 3](#fig0003){ref-type="fig"}b). Notably, whereas GFP expression expanded in normal organoids exposed to Adwt-E, infection with oncolytic adenoviruses displayed similar GFP expression at all time points assessed, indicating the lack of replication of either AdNuPARmE1A-E or ICOVIR15-E in normal tissue ([Fig. 3](#fig0003){ref-type="fig"}b). To further assess the use of normal organoids to screen for the tumour-specificity of oncolytic adenoviruses, we tested the cytotoxic effects of Adwt, AdNuPARmE1A, or ICOVIR15 in IDIN1 and IDN2 normal organoids, established from independent patients. In IDIN1, oncolytic viruses did not trigger cytotoxicity at the doses tested, whereas Adwt resulted in 30% and 50% organoid lethality. A similar tendency was observed in IDIN2, although some lethality appeared with AdNuPARmE1A and ICOVIR15 ([Fig. 3](#fig0003){ref-type="fig"}c). These different behaviours could be due to the fact that normal organoids from adjacent tumours may be in an intermediate state between tumour and healthy tissue, despite not having any genetic alterations nor displaying a normal appearance [@bib0021]. In this scenario, oncolytic viruses might be able to trigger a certain degree of cytotoxicity. Altogether, these results support the oncoselective activity of AdNuPARmE1A-E and ICOVIR15-E,and validate PDOs as a system for studying oncoselectivity.Fig. 3Oncolytic adenoviruses selectively replicate in PDAC derived organoids. (a) Schematic representation of Adwt-E, AdNuPARmE1A-E and ICOVIR15-E adenoviruses. Yellow boxes in AdNuPARmE1A-E represent SPS sequences sensitive to NOTCH activation. Blue boxes in ICOVIR15-E correspond to E2F-responsive elements. (b) Time-course GFP expression in IDIN1 (*n* = 3) normal organoids and IDIT1 (*n* = 3) tumour organoids, infected with 5 × 10^3^ pfu/well of either adenoviruses. (Upper panels). Representative images of GFP expression in IDIT1 and IDIN1 at 24 h, 48 h, and 72 h after infection. (Lower panels). GFP quantification of organoids cultures infected with the different viruses. Values are expressed as percentage of fluorescent area for each time point, normalized for the area of single organoids. Data are represented as mean ± SEM, *n* ≥ 3; \* *p* \< 0.05, \*\**p* \< 0.01, Student\'s *t*-test. (c) *In vitro* cytotoxicity of Adwt, AdNuPARmE1A and ICOVIR15 in normal pancreas organoids (IDIN1 and IDIN2). The indicated viruses have the same backbone as described in (a) but lacked the GFP gene, as shown in [Fig. 4](#fig0004){ref-type="fig"}a. IDIN1 and IDIN2 organoids derived from two different patients were infected with the indicated doses and 5 days later, cell viability was assessed by MTT assay. Data are represented as mean ± SEM, *n* = 5; \**p* \< 0.05, non-parametric Mann-Whitney U Test.Fig 3

3.3. PDOs from PDAC exhibit different sensitivities to oncolytic adenoviruses {#sec0020}
-----------------------------------------------------------------------------

To determine whether the organoid model could be used to screen oncolytic adenoviruses, we tested the sensitivity of tumour organoids derived from five patients (IDIT1, IDIT2, IDIT4, IDIT5, and IDIT6) to two different oncolytic adenoviruses, AdNuPARmE1A and ICOVIR15 ([Fig. 4](#fig0004){ref-type="fig"}a). Organoids were exposed to different doses of viral particles for 5 days. Cell viability at each dose and time point was measured by an adapted MTT assay [@bib0017]. Both AdNuPARmE1A and ICOVIR15 induced cytotoxicity to the cultures in a dose-dependent manner. We observed a heterogeneous response in terms of sensitivity to viral oncolysis, with ID~50~ values that ranged from 1 × 10^3^ for the most sensitive (IDIT1), to 1 × 10^5^ for the less sensitive organoids (IDIT4 and IDIT5) ([Fig. 4](#fig0004){ref-type="fig"}b and Fig. S2a). Individual preference for a single virus could be observed in 3 out of 5 tumour organoids. The IDIT1 sample displayed a better response to AdNuPARmE1A, with an ID~50~ of 1 × 10^3^ pfu/well, making it 10-fold more potent than ICOVIR15 (ID~50~ of about 1 × 10^4^ pfu/well) ([Fig. 4](#fig0004){ref-type="fig"}b. Fig S2). IDIT2 also had a 10-fold increased sensitivity for AdNuPARmE1A, although it was less permissive to oncolysis than IDIT1 (ID~50~ of 1 × 10^4^ pfu/well for IDIT2 *versus* of 1 × 10^3^ pfu/well for IDIT1). AdNuPARmE1A and ICOVIR15 triggered similar cytotoxicity levels in IDIT4 and IDIT5 organoids, which were the most resistant to oncolytic therapy, with an ID~50~ to either virus of 1 × 10^5^ pfu/well. Interestingly, ICOVIR15 generated a better response in IDIT6 organoids ([Fig. 4](#fig0004){ref-type="fig"}b). The different sensitivity of organoids to oncolysis, and to AdNuPARmE1A or ICOVIR15, was further confirmed with an organoid-formation assay (Fig. S2b).Fig. 4PDAC organoids display heterogeneity in sensitivity to oncolytic adenoviruses. (a) Schematic representation of the oncolytic adenoviruses. (b) *In vitro* cytotoxicity of AdNuPARmE1A and ICOVIR15 in a battery of PDAC organoids. Organoids were infected with the indicated doses and 5 days later, cell viability was assessed by MTT assay. Data are represented as mean ± SEM, *n* ≥ 4; \**p* \< 0.05, \*\**p* \< 0.01, non-parametric Mann-Whitney *U* test. (c) *In vivo* antitumour effects of oncolytic adenovirus in IDIT1 and IDIT6 subcutaneous tumours. Tumour-bearing mice were intravenously injected with 5 × 10^10^ vp/mice of AdNuPARmE1A, ICOVIR15 or saline solution, and tumour growth was monitored. *n* ≥ 6 tumours/group, \*\**p* \< 0.01, \*\*\**p* \< 0.005, Tukey range test for multiple comparison.Fig 4

To investigate whether oncolytic efficacy in organoids could predict the *in vivo* response to viruses, IDIT1 or IDIT6 organoids were subcutaneously injected into the flanks of nude mice. When tumours reached 100 mm^3^, animals received a systemic dose of saline solution or ICOVIR15 or AdNuPARmE1A (at 5 × 10^10^ viral particles (vp)/animal). Treatment with either virus strongly inhibited tumour growth, but the anti-tumour effect was significantly higher in animals receiving the AdNuPARmE1A virus in IDIT1 tumours, and in those receiving ICOVIR15 in IDIT6 tumours, consistent with the *in vitro* data ([Fig. 4](#fig0004){ref-type="fig"}c).

To gain insight into the preferential sensitivity of IDIT1/IDIT2 for AdNuPARmE1A, or of IDIT6 for ICOVIR15, we examined their engineered viral genomes to identify candidate genes that could act as potential biomarkers. AdNuPARmE1A was engineered to control the E1A gene, the first gene expressed in the adenovirus replication cycle, by the *uPAR* gene promoter and *NOTCH*-responsive elements. Thus, the transcriptional activity of *uPAR* and *NOTCH* pathway genes in organoids could reflect the regulation of E1A, since these genes share regulatory sequences with AdNuPARmE1A \[[@bib0015],[@bib0022]\]. We quantified the mRNA content of the *uPAR, HES1*, and *NOTCH1* genes from the five organoid lines. We observed that IDIT1 and IDIT2 expressed the highest content of all three genes, whereas IDIT6 had the lowest expression of these genes of all organoids (Fig. S3a). These results suggest that the regulatory sequences from the AdNuPARmE1A controlling the E1A gene are highly activated in IDIT1/IDIT2, thereby favouring adenoviral replication in these organoids, whereas such activation is diminished in IDIT6. Adenoviruses initiate their infection by the recognition of the fibre protein with the host cellular receptors coxsackie adenovirus receptor (CAR) and integrins. Particularly, binding to integrins ανβ5 is required for Ad5 entry in cells expressing very low CAR [@bib0023]. ICOVIR15 was engineered with a fibre protein containing an RGD motif to further facilitate viral entry by binding to integrins. To understand potential differences in viral response in organoids, we analysed the expression of the RGD-recognizing integrins αν, β3, and β5. However, their expression levels did not reveal any profile that would explain an enhanced viral entrance of ICOVIR15 in IDIT6 organoids (Fig. S3b).

To further explore potential differences in viral entry and explain the heterogeneous sensitivity of organoids to oncolytic viruses, we quantified the number of viral genomes at 4 h after infection in the high-sensitive IDIT1 organoids, the low-sensitive IDIT5 organoids, and IDIT6 organoids, which exhibit low sensitivity for AdNuPARmE1A but high for ICOVIR15. We observed that the highest number of viral genomes was detected in IDIT1 organoids, with both viruses having very similar entrance capacity. IDIT5 and IDIT6 organoids showed reduced but similar entry for the two viruses (Fig. S4).

The similarities in viral entry observed between the two viruses also suggests that the *in vivo* tumour targeting by either virus in IDIT1 and IDIT6 xenografts would be comparable and that, therefore, the different antitumor response to ICOVIR15 and AdNuPARmE1A mainly depends on organoids' features. Nevertheless, an *in vivo* scenario is much more complex, particularly upon systemic administration, where hepatic viral clearance rapidly removes the virus from the circulation. Thus, it could be speculated that the differences in the fibre protein of the two viruses could distinctly impact viral sequestration by the liver. However, viral circulation kinetics of ICOVIR15 and AdNuPARmE1A are most likely comparable since ablation of CAR and integrin binding have been shown not to affect liver tropism [@bib0024].

Thus, the increased sensitivity of IDIT1 organoids to AdNuPARmE1A might be explained by a combination of a high viral entry together with an active transcription of E1A, favoured by the uPAR and Notch-responsive elements. In contrast, the poor activity of the Notch pathway in IDIT6 organoids could impair AdNuPARE1A replication in this model.

Previous work from our group has shown that ICOVIR15-miR-99b and ICOVIR-15-miR-485 exert enhanced antitumour responses in PANC-1 xenografts due to the role of miR-99b and miR-485 in regulating transcriptional repressors of viral proteins [@bib0016]. As IDIT6 organoids were sensitive to the parental ICOVIR-15, we explored the response of IDIT6 organoids to ICOVIR15-miR-99b or ICOVIR-15 miR-485; we observed statistically significant higher oncolysis with ICOVIR-miR99b ([Figs. 5](#fig0005){ref-type="fig"}a and b). Note that the enhanced effect was only observed at low doses of infection yet is still relevant, as in virotherapy treatments, neoplastic cells may receive a repertoire of viral loads, but all cells infected with high or low viral loads will contribute to the final antitumour effect.Fig. 5Organoids identify individual response to combined therapies or armed oncolytic adenoviruses. (a) Schematic representation of ICOVIR15-miR99b and ICOVIR15-miR485 oncolytic adenoviruses. (b) IDIT6 organoids were infected with parental ICOVIR15, ICOVIR15-miR99b, or ICOVIR15-miR485 at the indicated doses. Cytotoxicity was assessed 5 days later by MTT assay. Data are represented as mean ± SEM, *n* ≥ 4; \**p* \< 0.05, non-parametric Mann--Whitney *U* test. (c) Combination treatments. IDIT1 and IDIT2 organoids were treated with 100 nM nab-paclitaxel and 2.5 ng/ml of gemcitabine, or AdNuPARmE1A (5000 pfu/well), or all in combination; after 5 days, cell viability was assessed by MTT assay. Data are represented as mean ± SEM; *n* ≥ 4, \*\**p* \< 0.01, \*\*\**p* \< 0.005, non-parametric Mann--Whitney *U* test.Fig 5

To ascertain the benefit of combining viral oncolysis and standard-of-care chemotherapeutic treatments, IDIT1 and IDIT2 organoids were exposed to nab-paclitaxel plus gemcitabine with or without AdNuPARmE1A, or AdNuPARmE1A alone, for 5 days. We observed differences in sensitivity to nab-paclitaxel plus gemcitabine, and the combined treatment with AdNuPARmE1A, in both organoid lines. Remarkably, in both PDOs, the highest cytotoxicity was achieved by combining nab-paclitaxel, gemcitabine, and the oncolytic virus ([Fig. 5](#fig0005){ref-type="fig"}c). These results provide evidence of the feasibility of testing mixed viro-chemotherapy approaches in organoid models.

3.4. Organoids from orthotopic tumours and metastatic foci in mice mirror responses of PDO to oncolytic viruses {#sec0021}
---------------------------------------------------------------------------------------------------------------

To test whether a candidate OA used on PDOs would reflect its activity both in primary tumours and metastatic foci, we generated orthotopic tumours from IDIT6 organoids. At three months (or sooner) following implantation, all animals developed distant metastases ([Fig. 6](#fig0006){ref-type="fig"}a). Organoid engraftment generated pancreatic tumours with glandular structures that resembled human PDAC precursor lesions (*e.g.*, pancreatic intraepithelial neoplasia, hPanIN), which were also identified in the metastatic foci ([Fig. 6](#fig0006){ref-type="fig"}b). Karyotype analysis revealed that organoids from orthotopic tumours had a percentage of aneuploidy similar to IDIT6 PDOs, whereas organoids generated from metastases were highly aneuploid. In stark contrast, organoids derived from healthy pancreatic tissue mainly exhibited diploid karyotypes ([Fig. 6](#fig0006){ref-type="fig"}c).Fig. 6Primary tumours and metastases-derived organoids from PDOs implanted in nude mice mirror PDOs sensitivity to adenoviruses. (a) Schematic representation of the experiment. Six nude mice were orthotopically implanted with 5 × 10^5^ cells. Tumour growth was followed by palpation, and after 2--3 months, animals were euthanized and organs were collected. New organoids were generated from the orthotopic tumours and their metastases and then further analysed. (b) Histological sections obtained from primary tumours and metastases stained for H&E (left) and CK19 (right); scale bar, 50 μm. (c) Karyotyping of IDIT6 original organoids and its derived orthotopic tumour and metastases. Metaphases were induced in the different lines via colcemid treatment (0.1 μg/ml) for 24 h. A minimum of 15 metaphases per sample was counted. Left panel, representative images of the different samples. Right panel, the percentage of ploidy in each group of samples. (d, e) Orthotopic tumours and metastases derived from IDIT6 organoids from four different mice were infected at the indicated doses with AdNuPARmE1A or ICOVIR15. After five days, cytotoxicity was analysed by MTT assay. Data are represented as mean ± SEM; *n* ≥ 5; \**p* \< 0.05, non-parametric Mann--Whitney *U* test.Fig 6

We examined the therapeutic sensitivity to AdNuPARmE1A or ICOVIR15 in organoids established from IDIT6 primary tumours of four independent mice: one liver metastasis and three diaphragmatic metastases. An analogous experiment was conducted on IDIT1-derived organoids from two primary tumours and a diaphragm metastasis. ICOVIR15 displayed enhanced cytotoxicity as compared to AdNuPARmE1A in organoids from all IDIT6-derived primary tumours and their metastatic foci, mirroring what we had observed *in vitro* in IDIT6 PDOs. ([Fig. 6](#fig0006){ref-type="fig"}d and e). In contrast, organoids from primary tumours or metastases derived from IDIT1-derived organoids showed increased sensitivity to AdNuPARmE1A, again mirroring the response of their corresponding PDOs (Fig. S5).

These results show that oncolytic virotherapy acts in a similar manner in primary tumours and in metastases, despite increased genomic instability of the latter. Thus, tumour evolution does not seem to interfere with viral activity. These findings suggest that the predictive ability of PDOs to identify highly active oncolytic adenoviruses would facilitate the selection of successful treatments that could eradicate both primary tumours and metastases.

Discussion {#sec0022}
==========

Tumour organoids have been proposed as valuable tools for personalized drug testing \[[@bib0010],[@bib0025],[@bib0026]\]. Treatments in oncology are expanding, and novel therapies are continuously under development. Oncolytic viruses gained large interest in recent years, reaching late phases of clinical investigation [@bib0027], [@bib0028], [@bib0029], [@bib0030]. In the future, personalised virotherapy approaches have the potential to be used for identifying optimal treatment for individual patients. Three-dimensional cell cultures, such as spheroids or organotypic tumour slices, have been studied as an alternative to traditional 2D cultures to screen for viral therapies [@bib0031]. However, the inability to recapitulate the histological architecture in the spheroids, as well as the lack of long survival periods of organotypic cultures, have limited their use as screening platforms. Here we show that patient-derived organoids (PDOs) from PDAC are a promising model for evaluating both selectivity and sensitivity to oncolytic adenoviral therapies. We demonstrate for the first time that adenoviruses can replicate and expand in organoids, and that PDOs from individual patients display different sensitivities to oncolytic adenoviruses. This interpatient diversity in the response to adenoviruses aligned with differential expression of genes encoding cellular factors that regulate viral activity. For instance, the Notch-sensitive uPAR-regulated oncolytic adenovirus AdNuPARmE1A was more effective in PDOs with upregulated Notch pathway signalling and uPAR transcriptional activity. The observed variability in viral entry might also explain (at least in part) the differential responses of organoids to oncolysis. However, we could not associate this variability to the differential expression of membrane integrins in organoids, suggesting that other aspects besides viral internalisation might play a role. In fact, upon integrin receptor activation by viral RGD domains, a transient contribution of the endocytic machinery takes place to package a virus into clathrin-coated vesicles. Endosomal escape, cytoplasmic traffic, and transport at the nuclear pore are processes required to successfully deliver a viral genome into the nucleus of a cell. All of these are very tightly regulated functions, and it could be speculated that a variable degree of efficiency in each process might translate into differences in viral entry in organoids. This high level of biological complexity underscores the need for a personalised and easy-to-use tool for determining treatment responses, such as the one proposed here. Specifically, our findings open the possibility of using organoids as platforms to study viral tropism. This can contribute to better define tumour-specific targeting ligands in patient-derived models that encompass the full spectrum of the disease, generating targeted viruses with potentially improved therapeutic value.

The heterogeneous nature of cancers further underscores the need of using combination therapies. Our results validate the benefit of combining AdNuPARmE1A with the standard chemotherapeutic regimens in pancreatic cancer (such as gemcitabine and nab-paclitaxel) in sensitive PDOs. We recapitulated in organoids the previously reported synergistic effects in pancreatic cancer cell lines and PDX models \[[@bib0015],[@bib0022]\]. These data suggest that organoids could serve to test the value of combined treatments for regimens of viruses and chemotherapeutics that have not been tested *in vivo* yet, in a personalised manner.

The tumour microenvironment shapes the response to anticancer therapies; thus, the lack of stromal components represents a strong limitation in current PDO systems. Until now, PDXs have been proposed for such screenings, but they are too time-consuming to support personalised therapy for patients with pancreatic cancer, especially considering the rapid disease progression at later stages. Moreover, the absence of an intact murine immune system limits the study of immunotherapies. This is why the development of PDX models in humanized mice with a fully competent human immune system is very attractive for evaluating the full potential of oncolytic virotherapy [@bib0032]. However, as these systems are very complex, the development of 3D co-cultures including PDOs, fibroblasts, and/or immune cells to model tumour complexity can open new avenues for evaluation of virotherapy responses alone or in combination treatments with chemotherapy, immunotherapeutic agents, or fibroblast-targeting drugs [@bib0033], [@bib0034], [@bib0035].

Notably, testing the OAs AdNuPARmE1A and ICOVIR15 in organoids derived from primary tumours or metastases in nude mice showed similar responses and sensitivity to PDOs. However, this might not be the case for all OAs, since preferential killing of high-metastatic *versus* low-metastatic cells has been reported for the replication-selective adenovirus vector OBP-401, in which E1A transcription is driven by the human telomerase reverse transcriptase (hTERT) [@bib0036]. Ideally, to elucidate the optimal adenoviral activity in metastatic nodules, OA screening should be performed in PDOs derived from patient metastases. However, in the absence of metastatic biopsies, our results provide an indication that OA screening in PDOs derived from patient primary tumours still may reflect their activity in metastatic foci. Of note, the relatively short time required to generate organoids and to assess OA response in PDOs suggest that a therapeutic candidate could be selected within a clinically meaningful time frame.

In conclusion, these results suggest that testing sensitivity to oncolytic adenoviruses alone or in combination with chemotherapy in PDOs is a reliable *in vitro* cancer model for the study of patient-specific responses. Considering the variety of oncolytic viruses under development and the upcoming armed viruses, with more potent antitumour activity, PDOs may represent an easy-to-handle platform to help make virotherapy-based, personalised treatment decisions.
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